Abstract. Chemotherapy failure remains a challenge when treating patients with acute myeloid leukemia (AML), who often suffer from persistent or relapsed disease. The multidrug resistance (MDR) mediated by efflux transporters of the ATP binding cassette (ABC) superfamily is a major obstacle for successful chemotherapy. The present study aimed to elucidate whether the expression of ABC transporters was associated with prognostic factors and responses to chemotherapy in patients with AML, with particular focus on whether co-expression of multiple ABC transporters resulted in a worse prognosis. In the present study, the mRNA expression levels of ABC transporters ABCB1, ABCB4, ABCC1, ABCC4 and ABCG2 in bone marrow (BM) mononuclear cell (MNC) samples from 96 de novo patients with AML and in the peripheral blood (PB) MNC samples from 22 normal individuals were investigated using reverse transcription-quantitative polymerase chain reaction analysis. It was revealed that ABCB1, ABCC1, ABCC4 and ABCG2 were expressed at higher levels in patients with AML compared with normal individuals, whereas ABCB4 had a lower expression level. The expression of ABCB4 in patients with AML was significantly lower than in normal individuals (P<0.001). Patients risk status was associated with ABCB1 (P= 0.037), ABCC1 (P= 0.047), ABCC4 (P=0.015) and ABCG2 (P=0.027). The 4 genes were expressed a significantly higher levels in the poor response group compared with the good response group (ABCB1, P= 0.014; ABCC1, P= 0.021; ABCC4, P= 0.005; ABCG2, P= 0.009). The overexpression of the 4 ABC transporters and the complete remission rate were inversely correlated (P<0.001). These results suggest that the co-expression of multiple ABC transporters may contribute to a worse prognosis in AML.
Introduction
Multidrug resistance (MDR) is an important strategy employed by cancer cells and interferes with the success of acute myeloid leukemia (AML) chemotherapy. One of the common mechanisms of MDR is the overexpression of ATP binding cassette (ABC) transporters in cancer cells, such as P-glycoprotein (P-gp-1/MDR1/ABCB1), MDR 3 (P-gp-3/MDR3/ABCB4), MDR-associated protein 1 (MRP1/ABCC1), MDR-associated protein 4 (MRP4/ABCC4) and breast cancer resistance protein (BCRP/ABCG2). ABCB1 was the first anticancer drug pump to be identified and is the best studied ABC drug efflux transporter to date. Expression of ABCB1 has long been identified as an independent, unfavorable prognostic factor of both complete remission and survival in patients with AML (1, 2) . A new member of the ABC superfamily, ABCB4 possesses 80% homology to ABCB1. It is suggested that ABCB4 plays a supplementary role to ABCB1 in chronic lymphocytic leukemia (CLL) drug resistance (3) and might have an independent role in MDR in chronic lymphoproliferative disorders (CLPDs) (4, 5) . To date, however, ABCB4 expression has rarely been studied in AML. Our previous study proved that expression of ABCC4 induced resistance in the adriamycin-resistant AML cell line K562/ADR and that lentivirus-mediated knockdown of ABCC4 might enhance sensitivity to adriamycin (6) . The other ABC transporters mentioned above, ABCC1 and ABCG2, mediating the export of a very wide variety of antineoplastic drugs from different drug classes were reported to associated with AML (2, 7) . When such substrate drugs enter the cancer cells from the blood, they are immediately pumped back into the blood due to the high level of MDR protein transporters in the plasma membrane (8) , which limits the prolonged and effective use of chemotherapeutic drugs (9, 10) . There is increasing evidence showing that a number of ABC transporters can transport the same substrates, and, perhaps more importantly, that the phenomenon of co-transport of multiple ABC transporters can significantly increase substrates transportation efficiency (11) .
The present study aimed to analyze the correlation between the co-expression of ABC transporters and prognosis in AML. The association between the expression of ABC transporters Table I . All patients were treated with standard chemotherapy. The follow-up time was 9 months. Complete remission (CR) was defined as the recovery of BM morphology, including <5% blasts, an absolute neutrophil count >1x10 9 /l, a platelet count ≥100x10 9 /l, and no evidence of extramedullary leukemia. Partial remission (PR) was defined as a decrease in at least 50% in the percentage of blasts (down to between 5 and 25%) in the BM aspirate and the normalization of blood counts. Non-remission (NR) was defined as a marrow blasts percentage did not decrease to 25% or below after induction chemotherapy. Early death was defined as death before completion of the induction chemotherapy cycle (12) . The patients who reached CR and maintained relapse free survivals (RFS) for >9 months were regarded as good response to chemotherapy. In contrast, people who showed NR or relapsed at any time during the 9 months post treatment were considered as poor response to chemotherapy. All procedures performed involving human participants were in accordance with both the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments, or comparable ethical standards.
Real-time PCR detection of ABC transporter expression.
For these experiments, BM mononuclear cells (MNCs) from patients and PB MNCs from normal individuals were separated using Ficoll Hypaque ® (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) gradient centrifugation, and total RNAs were extracted using TRIzol Reagent (TransStart, Beijing, China) following the manufacturer's instructions. RNA was reverse transcribed using a reverse transcription kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's recommendations. The cDNA was stored at -20˚C and 5-ml aliquots of the cDNA product diluted in a 50-ml volume of DEPC-treated RNase-free ultra-pure water to be used for each real-time amplification reaction.
Real-time PCR was performed with SYBR-Green Ι qPCR SuperMix (TransStart) on the RocheLightCycler ® 480 (Roche Diagnostics, Basel, Switzerland) according to the manufacturer's recommendations. Each 13-ml PCR contained 2 ml of diluted cDNA (10 -1 M). Real-time PCR amplification was performed with the following parameters: 30 sec at 94˚C and then 40 cycles of 5 sec at 94˚C, 15 sec at 61˚C and 10 sec at 72˚C. An additional cycle of 1 sec at 95˚C, 15 sec at 61˚C, 15 sec at 95˚C was performed at the end of the reaction to generate the dissociation curve of the amplicon to ensure a single and specific product with the corresponding melting temperature was produced. A negative water control without cDNA for each PCR was used to check for reagent contamination. A housekeeping gene (β-actin) was amplified from the same samples to ensure all samples were used at an equal baseline. All ABC transporter and housekeeping gene levels were measured in triplicate. The primer sequences for β-actin, ABCB1, ABCB4, ABCC1, ABCC4 and ABCG2 are listed in Table II . The relative quantification of the 5 genes was performed using the 2 -∆∆Ct method. Statistical analysis. All calculations were performed with the IBM SPSS Statistics 21.0 program (IBM Corp., Armonk, NY, USA) and graphs were made using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Since the levels of ABC-transporter expression did not follow normal distributions, the expression of the transporters in different groups of patients was compared using the Mann-Whitney test for 2 groups and the Kruskal-Wallis test for >2 groups. Spearman's rho method was used to test the correlation between numerical variables. The comparison of proportions was performed using Fisher's exact test. All P-values were two-sided. P<0.05 was considered significant.
Results

Expression of ABC transporter genes.
The mRNA expression levels of ABCB1, ABCB4, ABCC1, ABCC4 and ABCG2 in 96 de novo AML patients and 22 normal individuals were determined using real-time PCR. The expression levels of the ABC transporters in the AML group were normalized to those of the normal control group, showing inconsistent trends among the ABC transporter genes. The expression of ABCB1, ABCC1, ABCC4 and ABCG2 was high in AML, while that of ABCB4 was the opposite (Fig. 1) .
Low expression of ABCB4 transporter gene. ABCB4 mRNA expression was significantly lower in AML patients than in normal individuals (P<0.001) (Fig. 2) .
Clinical characteristics of de novo AML patients and associations of ABCB1, ABCC1, ABCC4 and ABCG2 expression levels with these characteristics. Although the expression levels of ABCB1, ABCC1, ABCC4 and ABCG2 in AML patients were all higher than in normal individuals, those differences disappeared when patients were grouped based on clinical factors (Table III 
Co-expression of ABC transporters.
For each ABC transporter, the cutoff for overexpression was defined as the third quartile of expression for all patients. There were 5 patients who died before completion of the induction therapy cycle. Of the other 91 patients who received the whole induction chemotherapy regimen, 61% achieved CR, 21% reached PR and 18% remained NR. Importantly, the CR rate declined along with an increasing number of overexpressed ABC transporters (P<0.001) (Fig. 3) . None of the 5 patients who overexpressed all 4 of the ABC transporters achieved remission. Specifically, the two PR patients with overexpression of all 4 ABC transporters relapsed quickly. Overall, the number of overexpressed ABC transporters in a patient can be an independent prognostic factor for achieving complete remission.
Correlation of ABC transporter genes.
Using an adjustment for multiple comparisons, there were significant positive correlations between ABCC4 and the other ABC transporter genes, as well as a significant positive correlation between ABCC1 and ABCG2 (Table IV) . P<0.001. There existed significant positive correlation between ABCC1 and ABCG2, ABCC4 and ABCB1, ABCC4 and ABCC1, as well as ABCC4 and ABCG2. ABCB1, P-glycoprotein; ABCB4, multidrug resistance 3; ABCC1, multidrug resistance-associated protein 1; ABCC4, multidrug resistance-associated protein 4; ABCG2, breast cancer resistance protein.
Discussion
A better understanding of the mechanisms of chemotherapy resistance in myeloid leukemia (AML) and further knowledge about the genes whose expression affect the outcome of chemotherapy in advanced disease, may present ways to overcome drug resistance. The present study discusses is whether expression of the ABCB1, ABCB4, ABCC1, ABCC4, and ABCG2 genes is potentially involved in the transportation or redistribution of anticancer agents, and whether the genes are correlated with each other or with clinical factors.
Several studies have suggested that ABCB1 is an independent adverse prognostic factor for response and survival in AML (13, 14) . A recent study of 123 AML patients showed that patients with lower expression of the ABCB1 and ABCC1 genes had better OS and DFS compared with patients who had high expression of these genes (15) . The predictive role of ABCC4 has been addressed in childhood AML (16) . Similarly, it was demonstrated that ABCG2 mRNA expression is significantly higher in relapsed patients than in CR patients (14) . In our study, real-time PCR was used to detect the expression of ABC transporter genes. We found that the expression of ABC transporters was associated with most prognostic factors. The patients with unfavorable cytogenetics, FLT3-ITD and c-KIT mutations generally expressed statistically higher ABC transporters levels than did the other risk groups. In contrast Varatharajan et al (15) had proposed that the expression of ABCB1 and ABCG2 was significantly lower in FLT3-ITD mutated AML patients compared with FLT3-ITD negative patients. In their study, the authors reported that the expression of ABCB1 and ABCG2 was markedly higher in NPM1-mutated patients than in unmutated patients, yet our study did not find any statistical differences between the expression levels of ABC transporters in NPM1-mutated and unmutated cases, except regarding ABCC4. Therefore, to evaluate patient prognosis objectively, we used a combination of cytogenetics and molecular abnormalities to define risk status according to NCCN guidelines as either favorable-risk, intermediate-risk or poor-risk, These groups were positively associated with ABC transporters expression. Furthermore, ABCB1, ABCC1, ABCC4 and ABCG2 can be regarded as independent prognostic factors regarding complete remission in AML.
At this point, many ABCB1 inhibitors have been developed, such as cyclosporine A. However, even when ABCB1 expression was inhibited, multidrug resistance (MDR) was not overcome. We must further pursue this idea that multiple transporters, occasionally with overlapping specificities to a broad range of substrates, are often co-expressed in AML. Rather than a single overexpressed transporter being responsible for MDR, co-expressed transporters cooperate to promote chemoresistance (2, (17) (18) (19) . Selective inhibition of one or two ABC transporters could be compensated by the remaining transporters (9) . According to our study, significant positive correlations exist between the expression of several ABC transporter genes, particularly for ABCC4/ABCB1, ABCC4/ABCC1, ABCC4/ABCG2 and ABCC1/ABCG2, and these correlations might indicate that the expression of these genes is coordinately regulated. Overexpressing one ABC transporter might, imply to the overexpression of others. After induction chemotherapy, we found that the more ABC transporters were overexpressed in de devo AML patients, the less chances the patients had of achieving CR. Researchers suggested this phenomenon occurs due to multifactorial regulation, leading to the reduction of intracellular drug concentrations through modulations in drug influx and efflux (12) . In addition, previous study proposed that children with AML who expressed more ABC transporters had a lower chance to respond well to therapy (as measured by the percentage of patient having <5% leukemic cells by day 15 of therapy) (18) . Based on this situation, it is important to understand the mechanisms of co-expression.
In this prospective study, notably, we found that ABCB4 expression levels were strikingly lower in AML patients compared to those in normal individuals. Kiehl et al (20) showed that ABCB4 was frequently epigenetically silenced in different human cancers. These authors investigated the epigenetic regulation of ABCB4 in 26 human lung, breast, skin, liver, head and neck cancer cells lines and in primary cancers by methylation and expression analysis. Hypermethylation of the ABCB4 CpG island promoter occurred in 16 out of 26 (62%) human cancer cell lines. However, in normal tissues, the chance of hypermethylation was 0%. These authors also suggested that ABCB4 may act as a tumor suppressor in lung cancer. However, their study did not include leukemia cells. Hence the mechanism of ABCB4 expression in AML needs to be confirmed in the future.
In conclusion, we have found that the co-expression of multiple ABC transporters, rather than a single transporter, plays a vital role in the MDR of AML and contributes to a worse prognosis. Therefore, detecting ABC transporters in de novo AML patients may help to predict prognosis. Most importantly, ways to inhibit these MDR genes such as through RNA interference of the ABC transporters and the modification of miRNA epigenetic regulation, etc. still need to be explored but should not be limited to the inhibition of a single transporter. Instead, multiple transporters should be targeted to overcome MDR.
In the long term, the mechanism of ABC transporters expression and the activation of singling pathways as well as targeted therapy strategies should be investigated. Several signaling pathways (such as Wnt/β-catenin signaling, Hedgehog, Notch, Akt/PKB) are reported recently (21). Kampen et al (22) suggested that there existed a need to target multiple activated pathways by a research which combined high-throughput approaches for kinomic and proteomic profiling. In addition, a study indicated that ABC transporters could be regulated by some member of the hedgehog (Hh) signaling pathway, therefore suggested this pathway might be a target to overcome MDR and increase chemotherapeutic response (23) . In another studies, it was found that the expression of ABCB1, ABCC1 and ABCG2 genes was significantly higher in samples with higher Homeodomain-only protein homeobox (HOPX) gene expression (24) , thus hypothesized there existed some interaction between HOPX and ABC on some pathway (25) . Although our understanding of these mechanisms are limited, novel strategies are now available to allow for larger screening. Whether kinases, Hh, HOPX or other mechanisms and targets, these will be the other potential approaches to inhibit multiple transporters and then overcome MDR.
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